Apathy is one of the most common and debilitating nonmotor manifestations of Parkinson's disease (PD) and is characterized by diminished motivation, decreased goal-directed behavior, and flattened affect. Despite its high prevalence, its underlying mechanisms are still poorly understood, having been associated with executive dysfunction, and impaired emotional processing and decision making. Apathy, as a syndrome, has recently been associated with reduced activation in the ventral striatum, suggesting that early-to middlestage Parkinson's disease patients with this manifestation may have a compromised mesocorticolimbic dopaminergic pathway and impaired incentive processing. To test this hypothesis, we measured the amplitude of the feedback-related negativity, an event-related brain potential associated with performance outcome valence, following monetary gains and losses in human PD patients (12 women) and healthy controls (6 women) performing a gambling task. Early-to middle-stage PD patients presenting clinically meaningful symptoms of apathy were compared with nonapathetic PD patients and healthy controls. Patients with cognitive impairment, depression, and other psychiatric disturbances were excluded. Results showed that the amplitude of the feedback-related negativity, measured as the difference wave in the event-related brain potential between gains and losses, was significantly reduced in PD patients with apathy compared with nonapathetic patients and healthy controls. These findings indicate impaired incentive processing and suggest a compromised mesocorticolimbic pathway in cognitively intact PD patients with apathy.
Introduction
Parkinson's disease (PD) is a progressive neurodegenerative disorder mainly characterized by dopamine-dependent motor features, such as resting tremor, bradykinesia, and rigidity. However, a wide range of cognitive, behavioral, and other nonmotor complications, such as psychotic symptoms, impulse control disorders (ICDs), and apathy, are presently recognized as characteristic of the disease .
Apathy is one of the most common neuropsychiatric features of PD, with a prevalence ranging from 17% to 70% (Pluck and Brown, 2002; Aarsland et al., 2009; Pedersen et al., 2009 ). Clinically, apathy is identified as a reduction of goal-directed behavior because of a lack of feeling, interest, emotional reactivity, and motivation (Marin, 1991) .
Altered goal-directed behavior is commonly found in neurodegenerative and neuropsychiatric conditions where the functionality of the basal ganglia is compromised, such as in PD, Huntington's disease, and progressive supranuclear palsy (Aarsland et al., 1999 (Aarsland et al., , 2001 Hamilton et al., 2003; Levy, 2012) . Although the compromise of the basal ganglia may be a major contributing factor to these behavioral alterations, the exact physiopathological mechanism underlying the development of apathetic symptoms in PD remains unclear. In addition to executive dysfunction, depression, dementia, and disease progression have also been proposed (Dujardin et al., 2007 (Dujardin et al., , 2009 Aarsland et al., 2009) .
Recently, defects involving the mesocorticolimbic system and reward processing have been proposed as possible etiopathogenic factors for apathy in PD. Although the classical pattern of disease progression in PD assumed the relative preservation of the mesocorticolimbic pathway in the early and middle stages of the disease (Braak et al., 2004) , recent findings have shown that this pathway can be impaired in de novo drug-naive PD patients (van der Vegt et al., 2013) . It is therefore reasonable to assume that impaired incentive processing could lead to a disruption of motivation and to the presence of apathetic symptoms in these patients. This impairment would manifest as an inability to differentiate between favorable and unfavorable outcomes and to properly adjust subsequent behavior (Cohen and Ranganath, 2007) .
Research of incentive processing using event-related potentials (ERPs) has identified a signal that is sensitive to the valence of performance outcomes. The feedback-related negativity (FRN) has a frontocentral distribution and reaches a maximum within 350 ms of feedback presentation. This wave is larger after unfavorable outcomes than after favorable outcomes, such as negative versus positive feedback or monetary losses versus monetary gains (Gehring and Willoughby, 2002; Holroyd et al., 2002) . The FRN has been associated with reinforcement learning (Holroyd et al., 2002; Cohen and Ranganath, 2007) , and dipole modeling studies have located its generators in the anterior cingulate cortex (ACC) (Gehring and Willoughby, 2002; Luu et al., 2003) , a key structure within the mesocorticolimbic pathway (Alexander et al., 1986) .
Here we wished to assess whether incentive processing, as measured by the FRN, is abnormal in cognitively intact PD patients showing apathy, compared with nonapathetic patients. We postulated that decreased FRN amplitudes would be measured in this patient subpopulation
Materials and Methods
Study participants. A sample 40 outpatients (12 women) regularly attending the Movement Disorders Unit at Sant Pau Hospital and fulfilling diagnostic criteria for PD participated in the study. The Starkstein Apathy Scale (SAS; proposed score of Ն 14;) (Starkstein et al., 2009 ) was used to identify clinically significant symptoms of apathy in patients at an early or middle stage of the disease. The SAS is an instrument recommended by the Movement Disorders Society to screen and assess severity of apathy in PD. It consists of 14 items, phrased as questions to be answered by the patient on a 4 point Likert scale. Exclusion criteria were patients presenting fluctuating response to L-DOPA, advanced PD, clinically meaningful anxiety, and/or depression (ruled out by a semistructured psychiatric interview based on DSM-IV-R criteria), clinically relevant cognitive impairment, focal abnormalities in neuroimaging studies, alterations in blood tests, or noncompensated systemic disease (i.e., diabetes, hypertension), and patients taking antipsychotic or other drugs that could interfere with performance and ERP morphology.
Criteria for absence of dementia and clinically relevant cognitive impairment were set at a score of 0 on the Clinical Dementia Rating scale (Morris, 1993 ) and a score Ͼ26 on the Mini-Mental State Examination (Folstein et al., 1975) . The Mattis Dementia Rating scale was also administered to more precisely assess global cognitive functioning (Llebaria et al., 2008) . The whole sample was assessed in pharmacological "on" condition.
Each patient was interviewed regarding disease onset and medication history, including type of motor response to L-DOPA. All study participants in the nonapathetic and apathetic groups were taking L-DOPA and dopaminergic agonists. Current medications and dosages were calculated for L-DOPA daily dose, and equivalent L-DOPA daily dose using Tomlinson et al. formulae (Tomlinson et al., 2010) . PD patients were required to have received stable doses of dopaminergic drugs for the last 12 weeks and to show a stable response to medications. Motor status and disease stage were assessed by experienced movement disorder neurologists (J.P. and J.K.) using the Unified Parkinson's Disease Rating Scale and Hoehn and Yahr stages (Hoehn and Yahr, 1967) .
Stimuli and procedure. (Fig. 1) . Each trial began with a fixation sign (asterisk). After 500 ms, two numbers, 25 or 5, were presented in white against a black background. Participants had to bet on one of these two numbers to increase a starting amount of 1000 euro cents. They were instructed to choose one of the two numbers by pressing a button. Immediately after the selection, the numbers changed color. One of the numbers changed to red, whereas the other changed to green. If the selected number turned green, it indicated a win (i.e., 5 or 25), whereas if it turned red, it indicated a loss (i.e., Ϫ 5 or Ϫ25). This feedback was shown for 1 s. A new trial was initiated after 3 s. The experimental session comprised 4 runs of 92 trials each. In 60 of the 92 trials (65%), the feedback indicated a standard win or a standard loss. Additionally, in 16 of the 92 trials (17.5%), the socalled "boost trials," wins and losses were doubled and participants won or lost 10 cents after choosing 5 (a green or red "10" was shown as feedback on the screen) and 50 cents after choosing 25 (a green or red "50" was shown as feedback on the screen). Finally, to provide an adequate comparison condition for the boost trials and to tease apart the effect of increased absolute magnitude of the feedback from the effect of their reduced likelihood, in 16 of the 92 trials (17.5%), additional unexpected gains and losses were shown. However, this time the additional increase or decrease was minimal. Participants won or lost 7 cents after choosing 5 (a green or red "7" was shown as feedback on the screen) and 27 cents after choosing 25 (a green or red "27" was shown as feedback on the screen). Thus, the eight possible outcomes were as follows: win 5, win 25, lose 5, lose 25, win 10 ("boostϩ10"), lose 10 ("boost-10"), win 50 ("boostϩ50"), lose 50 ("boost-50"), win 7, lose 7, win 27, and lose 27.
Participants were told that they should adjust their choices based on outcomes in each trial to increase their gains. However, the task was programmed to yield wins in 50% of the trials and losses in the other 50%. This meant that there were no specific strategies that would have yielded better outcomes than others. Participants were simply encouraged to maximize the initial sum of 1000 euro cents. At three different time points during each run, participants were informed about the money they had won.
Electrophysiological recording. The electroencephalogram (EEG) was recorded from 19 standard scalp sites (Fp1/2, F3/4, C3/4, T3/4, T5/6, P3/4, O1/2, F7/8, Fz, Cz, Pz) using tin electrodes mounted in an elastic cap and referenced to the two mastoid leads. Vertical eye movements were monitored using a bipolar montage with two electrodes linked together and placed below each eye referenced to a third electrode placed centrally above the eyes. Horizontal eye movements were monitored using two electrodes placed on the external canthi of each eye. Electrode Figure 1 . Schematic representation of the gambling task. Each trial of the gambling task involved the presentation of two numbers, 5 and 25. Participants had to choose one of the two numbers by button press (left button for left number). One second after the participant's selection, the numbers changed color. Green indicated a win, red a loss. Thus, in the first (top) example, the subject incurred a loss of 25 euro cents. The second (bottom) example shows an infrequent "boost" trial in which gains were doubled. For further details, see Materials and Methods.
impedances were kept Ͻ5 kOhm. The electrophysiological signals were filtered with a bandpass of 0.1-35 Hz and digitized at a rate of 250 Hz.
To maximize the information available for the subsequent ERP analysis, raw EEG signals were subjected to an ocular artifact minimization process based on Blind Source Separation. This technique expresses a set of signals as a linear combination of statistically independent component signals. For this purpose, the SOBI algorithm (Belouchrani et al., 1997) was used. This algorithm is based on an eigenvalue decomposition of time-delayed covariance matrices. After identifying the source signals associated with eye movements, corrected EEG signals were obtained from the remaining components. Identification of ocular signal sources was based on frequency and scalp topography analyses as described by Romero et al. (2008) .
Feedback-locked ERPs were averaged from 200 ms before until 1000 ms after the feedback stimulus. Epochs exceeding Ϯ75 V were removed from further analysis. The mean amplitude value in the interval between Ϫ50 and 0 ms was used as baseline. Averages were calculated for each of the 12 conditions. The resulting ERPs were filtered with a low pass filter (12 Hz half amplitude cutoff).
Statistical analysis. The behavioral data obtained included reaction times and the probability (between 0 and 1) of making a "risky" choice (i.e., choosing "25"). This probability was calculated using the following ratio: n25/(n25 ϩ n5), n25 being the number of times "25" was chosen and n5 the number of times "5" was chosen. For each participant, an overall probability was calculated for the whole experiment. To study how previous outcomes influenced choices in subsequent trials, the ratio was also calculated as a function of type of outcome in the immediately preceding trial (each of the 12 possibilities described above). These probability ratios were subjected to repeated-measures ANOVAs with the within-subject factors "type of outcome" (win vs loss in the preceding trial), "magnitude of previous outcome" (25, 5, 10, and 50) , and the between-subjects factor "group" (apathetic/nonapathetic).
ERP effects were quantified measuring the mean amplitude of the ERP between 250 and 450 ms after feedback presentation. This measure was obtained for the three midline electrodes (Fz, Cz, Pz) and subjected to repeated-measures ANOVAs with within-subject factors, such as "electrode" (Fz, Cz, Pz) and "condition" (win/lose), and a between-subjects factor "group" (apathetic/nonapathetic).
p values for the ANOVAs were calculated after Greenhouse-Geisser correction. Pairwise comparisons were performed using Student's t test. Results were considered significant for p values Ͻ0.05
Results

Demographic and clinical data
The study included 40 nondemented PD patients: 20 with clinically meaningful symptoms of apathy (7 women) and 20 without (5 women). As shown in Table 1 , groups were carefully matched for age, education, and main clinical characteristics.
Behavior
Reaction times (choosing "5" or "25") were significantly slower for apathetic patients than for nonapathetic patients (t (38) ϭ Ϫ2.12, p ϭ 0.041). Mean Ϯ SD. reaction time was 1149 Ϯ 366 ms for apathetic patients and 918 Ϯ 323 ms for nonapathetic patients.
Participants consistently chose "25" more often than "5." The percentage of trials (expressed as mean Ϯ SD) in which participants chose "25" was 63.8 Ϯ 11.5%, and the percentage of trials in which they chose "5" was 36.2 Ϯ 11.5%. Nonapathetic Parkinson's patients chose "25" and "5" in 64.3% and 35.7% of trials, respectively, and apathetic patients chose "25" and "5" in 63.3 and 36.8% of trials, respectively. A two-way ANOVA with the withinsubjects factor choice ("25" vs "5") and the between-subjects factor patient group (nonapathetic vs apathetic) showed a significant effect of choice (F (1,38) ϭ 56.44, p ϭ 0.000) but no statistically significant differences between patient groups (F (1,38) Ͻ 1).
To test how previous outcomes influenced current choices, we analyzed the relationship between a given choice and the outcome on the preceding trial. The probability of making a "risky" choice (i.e., choosing "25") was measured in relation to the outcome in the immediately preceding trial. The analysis was conducted separately for standard, "similar" and "boost trials." The analysis of the standard trials using a three-way ANOVA with type of previous outcome (win vs loss), magnitude of previous outcome (25 vs 5) as within-subjects factor, and patient group (nonapathetic vs apathetic) as between-subjects factor showed a marginally significant triple interaction (F (1,38) ϭ 4.12, p ϭ 0.049). However, no significant effect was found when analyzing potential behavioral differences between patient groups as a function of gain magnitude (25 vs 5) (F (1,38) ϭ 0.62, not significant) or loss magnitude (F (1,38) ϭ 1.62, not significant).
Analysis of the "similar" trials did not yield a significant interaction between previous outcome (win vs loss), magnitude (27 vs 7), and patient group (nonapathetic vs apathetic).
On the other hand, analysis of the infrequent "boost trials" showed a significant interaction between type of previous outcome (win vs loss), magnitude (50 vs 10) and patient group (nonapathetic vs apathetic) (F (1,38) ϭ 15.03, p ϭ 0.000). A detailed analysis showed that this effect was not driven by the "boost" losses Ϫ outcome by magnitude by patient group: (F (1,38) ϭ 1.57, not significant) Ϫ but by "boost" gains (50 vs 10). Thus, the magnitude of the gain showed a significant interaction with patient group (F (1,38) ϭ 11.18, p ϭ 0.002). Apathetic patients made significantly more conservative choices after unexpected high wins (50) than after unexpected low wins (10), choosing "25" in 62% and 71% of the trials, respectively (t (19) ϭ 2.2, p ϭ 0.040). Nonapathetic patients showed the reverse pattern, making riskier choices after unexpected high wins than after unexpected low wins. They chose "25" in 68% of the trials following "50" and in 57% of the trials following "10." This effect was significant (t (19) ϭ 2.52, p ϭ 0.021). Figure 2 shows this interaction.
ERP analysis
The number of EEG epochs (mean Ϯ SD) included in the averages did not differ between patient groups for any of the 6 main outcomes: (1) "standard wins": nonapathetic patients 108 Ϯ 17, apathetic patients 115 Ϯ 15 (t (38) ϭ Ϫ1.52, p Ͼ 0.1); (2) "standard losses": nonapathetic patients 113 Ϯ 17, apathetic patients 114 Ϯ 13 (t (38) Ͻ 1, not significant); (3) "boost wins": nonapathetic patients 30 Ϯ 4, apathetic patients 30 Ϯ 4 (t (38) Ͻ 1, not significant); (4) "boost losses": nonapathetic patients 30 Ϯ 4, apathetic patients 30 Ϯ 4 (t (38) Ͻ 1, not significant); (5) "similar wins": nonapathetic patients 29 Ϯ 4, apathetic patients 31 Ϯ 4 (t (38) Ͻ 1, not significant); and (6) "similar losses": nonapathetic patients 30 Ϯ 5, apathetic patients 30 Ϯ 4, (t (38) Ͻ 1, not significant). Feedback-locked averages after standard wins (5 and 25 combined) and losses (Ϫ5 and Ϫ25 combined) for the entire patient sample are shown in Figure 3 . After monetary losses, a negativegoing deflection was observed in the ERP, starting ϳ250 ms after feedback presentation, peaking ϳ300 ms and remaining differentiated from that associated with monetary wins until ϳ450 ms after feedback. An ANOVA on the mean amplitude of the ERP between 250 and 450 ms with outcome (win vs loss) and electrode site (Fz, Cz, Pz) as factors showed the main effects of outcome (F (1,39) ϭ 12.8, p ϭ 0.001), electrode (F (2,78) ϭ 16.7 p ϭ 0.000) and the interaction outcome by electrode (F (2,78) ϭ 22.7, p ϭ 0.000). As shown in the topographic map of the difference wave loss-win, the negativity associated with monetary losses showed a frontocentral distribution.
As shown in Figure 4 , the difference between wins and losses was larger for nonapathetic patients than for apathetic patients. Statistically, this was shown as a significant interaction between patient group and outcome at Fz (F (1,38) ϭ 4.3, p ϭ 0.046). This effect was driven by the difference between maximum wins (25) and maximum losses (Ϫ25), as indicated by the interaction between outcome (maximum win vs maximum loss) and patient group, which was significant at both the Fz (F (1,38) ϭ 8.4, p ϭ 0.006) and Cz (F (1,38) ϭ 4.4, p ϭ 0.044) leads. Statistical comparison of the difference waves yielded significant results between patient groups at Fz (t (38) ϭ 2.9, p ϭ 0.007) and Cz (t (38) ϭ Ϫ2.1, p ϭ 0.045). Figure 4 (bottom) shows the average waves for each patient group and outcome magnitude (25, 5, Ϫ5, Ϫ25). To assess whether the decreases in ERP amplitude observed selectively reflected an impairment of the reward (wins) or punishment (losses) aspects of incentive processing, we conducted valence-specific tests. Pairwise comparison of ERP amplitude after high wins between the apathetic PD patients and the nonapathetic group yielded nonsignificant results at both Fz and Cz. The pairwise comparisons of ERP amplitude after high losses between the two patient groups were also nonsignificant.
Additional differences between groups were found for the infrequent "boost trials." As indicated in Materials and Methods, to separate the effect of increased absolute magnitude of the feedback from the effect of reduced likelihood, boost trials were compared with the so-called "similar" trials, that is, infrequent trials showing the same likelihood (17.5%) as the boost trials but yielding only marginally higher wins and losses than the standard trials. To increase the signal-to-noise ratio in the ERPs used in this analysis, we pooled high and low wins ("50" and "10" for the "boost trials"; and "27" and "7" for the "similar trials") and high and low losses ("Ϫ50" and "Ϫ10" for the "boost trials"; and "Ϫ27" and "Ϫ7" for the "similar trials") together in each trial type. The ERP graphs for the boost and similar conditions are shown in Figure 5 . A three-way ANOVA with type of trial ("similar" vs "boost") and outcome (win vs loss) and patient group as factors yielded a significant triple interaction at Fz (F (1,38) ϭ 8.9, p ϭ 0.005).
The difference waves (boost win-boost loss; and similar winsimilar loss) were calculated and their mean amplitude compared between patient groups. This comparison showed that the effect of the triple interaction was driven by differences in the boost trials. Thus, the difference wave for the boost trials at Fz was larger in the nonapathetic than in the apathetic patient group (t (38) ϭ Ϫ2.24, p ϭ 0.31), but the difference wave for the similar trials was not different between groups (t (38) ϭ 0.37, not significant). The averages are shown in Figure 5 .
Control experiment
To compare behavior and ERP amplitudes in each subgroup of PD patients with those of the general population, we conducted a control experiment in which we administered the same gambling task to a group of healthy individuals. We recruited and tested a control sample of 11 healthy volunteers (6 women) with a mean (SD) age of 65.7 (3.7) years, and 11.9 (2.7) years of education. All volunteers were free of somatic, neurological, and psychiatric disorders and were not using any medication. No statistical differences were found between groups for age (F (2,48) Ͼ 1, not significant) or years of education (F (2,48) ϭ 1.34, p Ͼ 0.1).
The behavioral analysis in the main study showed that apathetic patients made significantly more conservative choices after unexpected high wins (50) than after unexpected low wins (10). In this control experiment (Fig. 6) we subjected the differential probability of making a risky choice between these two conditions [probability of choosing 25 after an unexpected high win (50) minus the probability of choosing 25 after an unexpected low win (10)] to a one-way ANOVA with group as betweensubjects factor (nonapathetic PD patients, apathetic PD patients, and healthy controls). The results showed a significant effect of Ϫ25 and Ϫ5 combined) for the whole patient sample (apathetic and nonapathetic PD patients). The topographical map shows the FRN as the difference wave (loss-win) using isovoltage spline interpolation for the peak of activity. Relative scaling was used. Minimum and maximum values: Ϫ2/2 V. group (F (2,48) ϭ 4.88, p ϭ 0.012). Pairwise comparisons showed significant differences between the apathetic and nonapathetic PD patients (t (38) ϭ 3.31, p ϭ 0.002), but no significant differences between the controls and either patient group.
Regarding the ERPs, the main study showed a statistically significant interaction between outcome in the standard trials (wins vs losses) and group (apathetic vs nonapathetic). This effect was further modulated by the high wins (25) and high losses (Ϫ25). In this control experiment, we therefore subjected the difference wave (standard losses Ϫ standard wins) to a one-way ANOVA with group as the between-subjects factor (nonapathetic PD patients, apathetic PD patients, and healthy controls). The number of EEG epochs (mean Ϯ SD) included in the averages was 115 Ϯ 8 for the "standard wins" (25 and 5) and 118 Ϯ 7 for the "standard losses" (Ϫ25 and Ϫ5). No differences were found in the number of epochs between the controls and any of the two patient groups.
Results in the ERP analysis showed a significant group effect at Fz (F (2,48) ϭ 3.40, p ϭ 0.042) and Cz (F (2,48) ϭ 3.35, p ϭ 0.044). Pairwise comparisons showed significant differences between the apathetic PD patients and the control group at Fz (t (29) ϭ 2.62, p ϭ 0.014) and Cz (t (29) ϭ 2.25, p ϭ 0.032), but not between the 5. ERPs after nonstandard "similar" and "boost" wins and losses for each patient group. Grand average feedback-locked ERPs at Fz for monetary wins and losses in "similar" and "boost" trials. a, Traces for nonapathetic patients. b, Traces for apathetic patients. Topographical maps show the FRN as the respective difference wave (loss-win) using isovoltage spline interpolation for the peak of activity. Relative scaling was used. Minimum and maximum values: Ϫ3/3 V. nonapathetic patients and the controls either at Fz (t (29) ϭ 0.62, p Ͼ 0.1) or Cz (t (29) ϭ 0.73, p Ͼ 0.1). The grand average waveforms for standard wins and losses and the corresponding difference waves are shown for each of the three participant groups in Figure 7 .
We also tested whether the above effect was driven by the high or the low wins and losses. We therefore subjected the difference wave of the high outcomes (high losses Ϫ high wins) to a one-way ANOVA with group as the between-subjects factor (nonapathetic PD patients, apathetic PD patients, and healthy controls). Results showed a significant group effect at Fz (F (2,48) ϭ 4.80, p ϭ 0.013) and Cz (F (2,48) ϭ 3.35, p ϭ 0.044). Pairwise comparisons showed significant differences between the apathetic PD patients and the control group at Fz (t (29) ϭ 2.83, p ϭ 0.008) and Cz (t (29) ϭ 2.11, p ϭ 0.043), but not between the nonapathetic patients and the controls either at Fz (t (29) ϭ 0.060, p Ͼ 0.1) or Cz (t (29) ϭ 0.177, p Ͼ 0.1). The same analysis was conducted for the difference wave of the low outcomes (low losses Ϫ low wins). The one-way ANOVA with group as factor was not significant either at Fz (F (2,48) ϭ 1.47, p Ͼ 0.1) or at Cz (F (2,48) ϭ 2.04, p Ͼ 0.1).
The main experiment showed an effect of group on the ERPs associated with the boost trials. To compare values in each patient group with the healthy controls, the difference waves (boost loss Ϫ boost win) were calculated and subjected to a oneway ANOVA with group as the betweensubjects factor (nonapathetic PD patients, apathetic PD patients, and healthy controls). Only a trend effect was observed (F (2,48) ϭ 2.83, p ϭ 0.069). Pairwise comparison showed the significant difference between the apathetic and nonapathetic PD patients (t (38) ϭ Ϫ2.24, p ϭ 0.031), but no differences between either of the patient groups and the controls.
An additional analysis was conducted to test whether the decreases in ERP amplitude observed in the apathetic sample selectively reflected the reward (wins) or punishment (losses) aspects of incentive processing. In these valence-specific tests, we performed a two-way ANOVA with outcome (high win vs high loss) and group (apathetic vs controls) as factors. A main effect of outcome was observed (F (1,29) ϭ 14.31, p ϭ 0.001) and a trend interaction between outcome and group (F (1,29) ϭ 3.14, p ϭ 0.087). Pairwise comparison of ERP amplitude after high wins between apathetic PD patients and healthy controls showed only trend effects at Fz (mean Ϯ SD amplitude: apathetic patients 4.81 Ϯ 4.49; controls 8.01 Ϯ 4.34; t (29) ϭ Ϫ1.94, p ϭ 0.066) and Cz (mean Ϯ SD amplitude: apathetic patients 4.28 Ϯ 4.06; controls 7.05 Ϯ 4.03; t (29) ϭ Ϫ1.82, p ϭ 0.079). We then performed the pairwise comparisons between groups for the ERP amplitudes after high losses. No significant differences or trend differences were found.
Discussion
Our results showed decreased incentive processing in apathetic PD patients compared with nonapathetic PD patients and healthy controls, as measured by a neurophysiological marker, the FRN. The ERP showed an increased negativity after monetary losses compared with monetary wins in the whole sample, replicating studies by others (Gehring and Willoughby, 2002; Nieuwenhuis et al., 2004; Nieuwenhuis et al., 2005) . However, amplitude of the difference wave was significantly lower in the PD patients with apathy than in the other two participant groups. We also observed that behavior differed between the two patient subgroups, both of which had been carefully selected to rule out any potential confounds, such as concomitant dementia or depression. Together, these data strongly support the impairment of incentive processing as a distinctive trait of apathy in PD. This patient subpopulation would thus show diminished capacity to process, identify, and differentiate between favorable and unfavorable outcomes and to adjust subsequent behaviors accordingly ( The relationship between outcome in the previous trial (unexpected high wins vs unexpected low wins) and the probability of making a risky choice (choosing 25) is shown for the nonapathetic patients (square), apathetic patients (circle), and healthy controls (triangle). b, The probability of making a risky choice (25) after a "boost high" trial (50) minus the probability of making a risky choice (25) after a "boost low" trial (10) is shown for each participant group. ns, Not significant.
Neuropsychiatric features in PD have received increasing attention in recent years . In nondemented PD patients, these alterations have been mainly associated with the concurrent progression of executive dysfunction resulting from progressive dopaminergic denervation along the frontalsubcortical circuitry and/or from pharmacological treatment (Starkstein et al., 1992; Aarsland et al., 1999; Isella et al., 2002; Pluck and Brown, 2002) . However, recent research in the field of apathy as a syndrome has shown impaired emotion and reward processing in the absence of deficits of higher cognition (Bowers et al., 2006; Rowe et al., 2008; Martínez-Corral et al., 2010; Lawrence et al., 2011) .
The present study adds to the increasing corpus of data indicating that alterations in incentive processing Ϫ rather than just executive dysfunction Ϫ may underlie the blunted motivation and goal-directed behavior observed in apathetic PD patients. More specifically, the trend decrease in ERP amplitude after high wins and the absence of differences after high losses observed in the apathetic subgroup suggests a more selective impairment of reward compared with punishment processing. In line with this possibility, Rowe et al. (2008) have found increasing alterations in reward circuits in PD as a function of disease progression. Furthermore, Künig et al. (2000) reported decreased activation in the striatum after monetary rewards in PD patients compared with healthy controls. In a study directly comparing PD patients scoring high on apathy with those scoring low, Lawrence et al. (2011) found decreased responsivity after monetary gains in an extensive circuit involving the ventromedial prefrontal cortex, the amygdala, the striatum, and the midbrain.
Although it is commonly assumed that the mesocorticolimbic pathway is not specifically affected by dopamine depletion in PD, our results suggest that some degree of degeneration at this level is present, in line with a recent neuroimaging study in de novo drugnaive PD patients (van der Vegt et al., 2013) . The dopaminergic projections from the ventral tegmental area in the midbrain to the striatum and the prefrontal cortex play a key role in reward, reinforcement learning and motivation (Hollerman and Schultz, 1998; Salamone and Correa, 2012; Schultz, 2013) . Lesions in the striatum in non-PD patients have been found to cause a profound apathetic state, supporting the involvement of the mesocorticolimbic pathway in apathy (Schmidt et al., 2008; Adam et al., 2013) . This apathetic state was reversed with the administration of levodopa and the dopaminergic agonist ropirinole (Adam et al., 2013) .
At the other end of the behavioral continuum (Sinha et al., 2013), we find ICDs, a common finding in PD, especially in pa- tients receiving dopaminergic agonists (Weintraub et al., 2010) . Dopaminergic drugs impair behavioral performance in rewardrelated tasks, such as decision making and probabilistic reversal learning (Frank et al., 2004; Poletti et al., 2010) . This impairment has been interpreted to result from the "overdosing" effects of these drugs on a relatively intact mesocorticolimbic pathway (Gotham et al., 1986; Cools et al., 2002 Cools et al., , 2006 Aarts et al., 2012) . The FRN has been shown to be abnormal in conditions, such as pathological gambling (Oberg et al., 2011) and impulsivity (Onoda et al., 2010) . Future studies should investigate the FRN in PD patients with ICDs.
In conclusion, in the present study, we demonstrate impaired incentive processing in cognitively preserved apathetic PD patients in the early and middle stages of the disease. Amplitude of the FRN, a neurophysiological correlate of valence outcome, was found to be decreased in this sample. These findings strongly support the compromise of the mesocorticolimbic dopaminergic pathway in the pathogenesis of apathy in PD.
